p53 as an unstable protein in vitro likely requires stabilizing factors to act as a tumor suppressor in vivo. Here, we show that in human cells transfected with wildtype (WT) p53, Hsp90 and Hsp70 molecular chaperones maintain the p53 native conformation under heat-shock conditions (42 1C) as well as assist p53 refolding at 37 1C, during the recovery from heat shock. We also show that the interaction of WT p53 with WAF1 promoter in cells is sensitive to Hsp70 and Hsp90 inhibition already at 37 1C and further decreased on heat shock. The influence of chaperones on p53 binding to the WAF1 promoter sequence has been confirmed in vitro, using highly purified proteins. Hsp90 stabilizes the binding of p53 to the promoter sequence at 37 1C, whereas under heat-shock conditions the requirement for the Hsp70-Hsp40 system and its cooperation with Hsp90 increases. Hop co-chaperone additionally stimulates these reactions. Interestingly, the combined Hsp90 and Hsp70-Hsp40 allow for a limited in vitro restoration of the DNA-binding activity by the p53 oncogenic variant R249S and affect its conformation in cells. Our results indicate for the first time that, especially under stress conditions, not only Hsp90 but also Hsp70 is required for the chaperoning of WT and R249S p53.
Introduction
p53 is a protein widely recognized for its importance in the human tumor development suppression (Vousden and Lane, 2007) , but from a biophysical point of view an isolated p53 is known for its relative thermodynamical instability (Canadillas et al., 2006) and for being largely unstructured (Bell et al., 2002) . Within the range of physiological temperatures of a human body, even the most structured part of a purified WT (wild-type) p53-the DBD (DNA-binding domain)-unfolds, adopts inactive misfolded conformations and aggregates at a relatively high rate (Hansen et al., 1996; Muller et al., 2004; Butler and Loh, 2006) . It is not clear whether this feature is directly required for p53's role as an important control node of the cellular reaction to DNA damage and other stress, but this intrinsic p53 instability has been preserved during the evolution (Canadillas et al., 2006) . Oncogenic mutations of TP53 gene, detected in over 50% of various human tumors, are mostly localized in the region encoding p53 DBD (Petitjean et al., 2007) , and are known to cause additional destabilization of its structure ('structural mutants') and/or directly disrupt its DNA contact ('contact mutants') (Cho et al., 1994; Bullock et al., 2000) . The WT, native, tetrameric form of p53, in spite of its relative instability at physiological conditions, retains sufficient affinity to specific DNA sequences located in p53-controlled gene promoters (Dearth et al., 2007; Wells et al., 2008) . Activation or suppression of those promoters has the most prominent role in p53-dependent apoptosis, cell-cycle arrest and other elements of the p53 antitumor response (Laptenko and Prives, 2006) . Therefore, p53-related anticancer therapies require methods that would restore WT structure and function of inactivated p53 (Selivanova and Wiman, 2007) . However, it is also apparent that in normal cells there must be a set of mechanisms that maintains WT p53 in the state allowing for activation of its target genes. Some of these mechanisms are responsible for stabilizing structure and conformation of the p53 DBD. The best-known natural active factors that provide folding, disaggregation and quality control aid for proteins are molecular chaperones. In eukaryotes, the most abundant active chaperones are members of the heat-shock protein families Hsp70 and Hsp90, which, together with their protein cofactors called co-chaperones, form the core of the cell chaperone network . Chaperone substrates, termed 'client proteins,' range from nascent polypeptide chains, which depend on folding assistance and protection from aggregation (Agashe and Hartl, 2000) , to specialized proteins such as steroid hormone receptors, which require a specific set of chaperones and co-chaperones acting in sequence of the folding and unfolding events to achieve the functional state (Morishima et al., 2000) . The main cytosolic/nuclear heat-shock proteins in human cells are Hsp90a and -b (both dimeric, their functional differences only beginning to emerge) (Sreedhar et al., 2004) , Hsp70s (Hsp70-1a and Hsp70-1b-main stress-inducible Hsp70 family chaperones) and Hsc70 (Hsp70-8-essential, constitutive Hsp70 family member) (Daugaard et al., 2007) . Both families cooperate with various co-chaperones that modify their efficiency and specificity. The most important Hsp70 cochaperones are the Hsp40 family proteins (Hdjs in human) that stimulate the Hsp70 ATPase activity (Liberek et al., 1991) . Studies in human cells as well as in vitro reconstitution systems have led to the conclusion that most Hsp90 client proteins are chaperoned in cooperation with Hsp70-Hsp40. These reactions are stimulated by the Hsp organizing protein-Hop-that binds as a dimer to both chaperone systems and facilitates their interaction (Hernandez et al., 2002) .
Since the discovery of the Hsp-p53 interaction over 20 years ago (Pinhasi-Kimhi et al., 1986) , the p53 protein in vivo has been detected in complex with Hsp70 and Hsp90, mostly in the form changed by oncogenic mutations (Sugito et al., 1995; Sepehrnia et al., 1996; Zylicz et al., 2001) . Our laboratory reconstructed these interactions in vitro, using purified proteins . A similar approach has been successfully used in research concerning other physiologically relevant chaperone substrates (Zylicz et al., 1989; Morishima et al., 2000; Hu et al., 2004; Arlander et al., 2006) . We found that the chaperones and co-chaperones interacting with a purified mutant p53 form the complex in the following order: Hdj1, Hsc/p70, Hop and Hsp90. More surprising was the finding that Hdj1 and Hsc70 also interact with WT p53, but the formation of this complex is inhibited by the direct binding of Hsp90 to WT p53 . This suggests that both the chaperone systems, Hsp90 and Hsp70-Hsp40, at a physiological state, recognize the same domain on p53. Other researchers have shown that Hsp90 and Hsp70 interact with p53 DBD (Fourie et al., 1997; Rudiger et al., 2002; Muller et al., 2004) . In our subsequent study, we focused on a functional influence of Hsp90 on WT p53 and reported that Hsp90 in an ATP-dependent manner rescues WT p53 from the loss of the WAF1 (p21) promoter DNA-binding activity at 37 1C in vitro and stabilizes WT p53 transcriptional activity in human fibroblasts cultured at 37 1C . These data were supported by other laboratories, and stabilization of WT p53 conformation by Hsp90 was shown at a physiological temperature (Sasaki et al., 2007) and under permissive conditions for temperature-sensitive p53 variants (Muller et al., 2005) .
Although the mounting body of evidence indicates that the Hsp90 molecular chaperone is involved in the buffering of WT p53 conformation and activity, the roles of other chaperones, namely Hsp70-Hsp40, in these processes were not clear, especially under stress conditions, where manifestation of the p53 activity is required for suppression of tumorigenesis. It was also intriguing that the dissection of the WT p53 chaperoning mechanism may help explain the functional reason behind the interactions of Hsp90 and Hsp70 with mutant p53 variants. In this article, we address these issues and report the existence of Hsp90-Hsp70 cooperation in the chaperoning of WT and mutant p53, as well as their successful reconstitution in vitro.
Results
Role of Hsp90 and Hsp70 in WT p53 folding It has been shown earlier that the p53 functionality in vivo correlates with its conformation (Milner and Medcalf, 1990) . A conformation of p53 that is recognized by the pAb1620 antibody is considered functional-'native,' as opposed to the conformation that is recognized by the pAb240 antibody that is considered unfolded-'mutant.' The approach combining conformation-specific immunoprecipitation (IP) and western blot was used to analyse the involvement of Hsp70 and Hsp90 chaperone systems in the maintenance of the WT p53 conformational status (Figure 1 ).
H1299 cells were co-transfected with plasmids encoding for WT p53 and WT Hsp70, Hsp70 K71S. Changes in the K71 residue of Hsp70 that abolish ATPase activity concomitantly introduce a dominant-negative phenotype that has been shown to use several different substrates (Newmyer and Schmid, 2001; Klucken et al., 2004; Lee et al., 2005) . At 24 h after transfection, cells were incubated for 1 h in heat shock (42 1C) and/or 1 mM 17-AAG, where applicable. 17-AAG, a geldanamycin derivative, is a specific inhibitor of Hsp90 (Schulte and Neckers, 1998) , currently tested in clinical trials as an antitumor drug (Pacey et al., 2006) .
The results presented in Figure 1a indicate that at the physiological temperature (37 1C), conformation of WT p53 is not significantly influenced by Hsp90 inhibition, Hsp70 overexpression or Hsp70 inhibition. When cells expressing WT p53 alone are subjected to heat shock, the level of native conformation is only slightly decreased. When cells are co-transfected with WT p53 and WT Hsp70 or Hsp70 K71S, the level of p53 native conformation is lowered and the decrease is clearly more pronounced in the case of the K71S variant. When heat shock and 17-AAG are combined, the decrease in native conformation and the increase in mutant conformation are very noticeable. On additional expression of WT Hsp70 or Hsp70 K71S, the remaining native p53 conformation totally disappears, whereas the mutant conformation increases greatly. The dominant-negative Hsp70 K71S exerts a more pronounced effect on the decreasing amount of WT p53 native conformation and, at the same time, a less pronounced effect on the increasing amount of p53 mutant conformation than WT Hsp70. In both the cases, the overall p53 level, as shown by DO-1 antibody detection, is comparable. This observation points out that there is a pool of p53 protein that is not recognized by any of the conformationspecific antibodies used, one that may be considered an 'intermediate' conformation.
To further dissect the recovery of native conformation of WT p53 during the post-stress recovery phase, we analysed its conformational changes in time, after Hsp90 and Hsp70 cooperate in p53 chaperoning D Walerych et al Figure 1 Hsp70 and Hsp90 inhibition influence the wild-type (WT) p53 conformation. (a) H1299 cells were transfected with vectors encoding WT p53 and ECFP-EYFP ('À' negative controls; the fusion of fluorescent proteins of about 60 kDa, was expressed from the same vector backbone as p53 and Hsp70), WT Hsp70, Hsp70 dominant-negative variant K71S and/or treated for 1 h with Hsp90 inhibitor 17-AAG. Total protein extracts from the cells were subjected to western blot directly (inputs) or after a conformation-specific immunoprecipitation (IP) with 'native'-specific (Ab 1620) or 'mutant'-specific (Ab 240) anti-p53 antibodies. Cells were grown either at 37 1C during the whole experiment or after 24 h at 37 1C, subjected to 1 h heat shock at 42 1C. (b) Transfections and 17-AAG addition were performed as in a. At 24 h after transfection, cells were treated with cycloheximide, after 30 min heat shock, if indicated for 1 h at 42 1C and the recovery of the 1620 conformation of WT p53 at 37 1C was monitored by the IP at the indicated time points. (c) The densitometric analysis of the WT p53 'native' conformation recovery after heat shock is shown in b. Densitometry results were normalized to total p53 levels and subsequently to control IPs (1 on the y axis), from cells not subjected to heat shock (37 1C, 24 h in b). Time points from differently treated cells are connected with solid lines with symbols, whereas single-phase exponential (ctrl, þ K71S) or linear ( þ 17-AAG, þ K71S þ 17-AAG) fitted curves are shown as dashed lines with R 2 values, superimposed on the corresponding time-point series.
Hsp90 and Hsp70 cooperate in p53 chaperoning D Walerych et al subjecting p53-transfected H1299 cells to 1 h heat shock in the presence or absence of 1 mM 17-AAG and/or Hsp70 K71S. Thirty minutes before heat shock, through the shock and recovery phase, cells were treated with 20 mM cycloheximide to prevent the accumulation of a newly produced p53. 1620 þ conformation of WT p53 was analysed before the heat shock, immediately after it, and 15, 30 and 60 min after lowering the temperature to 37 1C. In the absence of any inhibition, p53 recovered to its native conformation after 60 min after heat shock ( Figure 1b) . Regardless of the Hsp70 K71S presence, the inhibition of Hsp90 caused a more pronounced decrease in the p53 WT conformation and its more delayed recovery. However, the negative effect of Hsp70 inhibition is also observable and is clearer in the presence of 17-AAG. Densitometry and data analysis of the refolding process ( Figure 1c ) revealed that p53 native conformation recovery in the absence of 17-AAG is a process whose kinetics is close to exponential (R 2 >0.99). In the presence of 17-AAG, this recovery is not only considerably slower but also its kinetics is linear (R 2 >0.99 and 0.96), indicating that low Hsp90 activity may be the rate-limiting factor.
Effect of Hsp90 and Hsp70 inhibition on the WT p53 binding to the WAF1 promoter in cells
The role of molecular chaperones in the buffering of WT p53 conformation suggested that the DNA-binding activity of p53 could be also influenced by Hsp90 and Hsp70. The analysis of the specific WT p53 DNA binding was performed using the ChIP (chromatin immunoprecipitation) assay. H1299 cells were transfected with plasmids encoding WT p53 and, optionally, a dominant-negative Hsp70 K71S variant. After 24 h, cells were subjected to 1 or 2 h heat shock (42 1C) and/or 1 mM 17-AAG treatment. Next, proteins were crosslinked to DNA, p53 was precipitated using DO-1 antibody and WAF1 promoter DNA was specifically amplified. WAF1 gene encodes for the p21 cell-cycle negative regulator and its promoter is regarded as one of the most responsive p53-dependent transcription regulation regions (Kaeser and Iggo, 2002) . Results of the real-time PCR estimation of the amount of p53-bound WAF1 promoter DNA are presented in Figure 2 . Interaction of WT p53 with the promoter is significantly decreased on heat shock and, additionally, by the inhibition of both Hsp70 and Hsp90 by the K71S variant and 17-AAG, respectively. Moreover, WT p53 interaction with the WAF1 promoter is sensitive to Hsp70 and Hsp90 inhibition at the physiological temperature of 37 1C. The results also show that when heat shock is prolonged to 2 h (comparing with 1 h heat shock), the impact of Hsp70 inhibition on WT p53 activity is more pronounced than that of Hsp90 inhibition (Figure 2 , 1.8/1.7-and 2.6/3.1-fold decrease in the absence or presence of Hsp70 K71S, respectively). Similar, although less pronounced, the effects are observed in the case of WT p53 binding to the PUMA gene promoter (Supplementary Figure 2) . Altogether, this suggests that WT p53's requirement for Hsp70 increases during prolonged heat shock. In vitro reconstitution of Hsp70 and Hsp90 chaperone effects on the WT p53 DNA-binding activity To learn more about the details and specificity of Hsp70 and Hsp90 action on WT p53, we have reconstituted the chaperone-dependent p53 DNA-binding reactions, using proteins purified to homogeneity. In our earlier report, we showed that human Hsp90 purified from Escherichia coli is able to rescue human purified WT p53 binding to the WAF1 promoter-derived sequence during thermal inactivation at 37 1C. Such a reaction could not be carried out by various Hsp70 family chaperones, combined with Hsp40 co-chaperones .
Therefore, we first checked whether it is possible to establish conditions under which Hsp70 chaperones may act effectively on WT p53 in vitro. Figure 3a shows differential temperature optima for the Hsp90 and Hsp70/Hdj systems in prevention of the loss of WT p53 binding to the WAF1-derived sequence as measured by the electrophoretic mobility shift assay (EMSA). The Hsp70/Hdj1 system not only rescues WT p53 efficiently at the increased temperature of 40 1C (Figure 3a , lanes 22-25), but also to a limited extent during the prolonged p53 incubation at 37 1C (Figure 3a, lanes 12 and 13) . In contrast, Hsp90b acts most efficiently at 37 1C (Figure 3a , lanes 6-9), whereas its activity toward WT p53 at 40 1C rapidly decreases over time (Figure 3a , lanes 18-21). However, when both chaperone systems are combined, even at decreased concentrations, the rescue at 37, 40 and 42 1C is more efficient than if any of them is used separately (Figure 3b ).
We have also tested the ability of the Hop cochaperone to support the cooperation between the Hsp70 and Hsp90 chaperones in the WT p53 DNAbinding activity rescue in vitro. Hop had no effect on the separate chaperone systems (Figure 3b, lanes 14-19) and only made a small difference when all chaperones were present in the reaction at 40 1C for 30 min (Figure 3b , lanes 20 and 21). However, when after 20 min preincubation of WT p53 at 40 1C without chaperones, Hsp90, Hsp70/Hdj1 and Hop were introduced, the Hop presence made a substantial difference (Figure 3b, lanes  22 and 23) . It was also the case during the rapid p53 heat inactivation at 42 1C for 10 min (Figure 3b, lanes 24 and  25) . These results suggest that Hop's activity is important for efficient chaperoning, when activities of the Hsp90 or Hsp70/Hdj systems alone are not sufficient, because of the severe or prolonged heat inactivation of the p53 substrate.
To relate the in vitro reconstruction to the cell chaperone content, we tested how different combinations of human isoforms of Hsp90 (a and b), Hsp70 (Hsp70 is Hsp70-1a, Hsc70 is Hsp70-8) and Hdj (Hdj1 and Hdj2) are capable of WT p53 rescue from thermal inactivation. Hsp90b has a similar effect on WT p53 to Hsp90a, and both proteins comparably cooperate with Hsp70 or Hsc70 (Figure 3c ). Hsc70 shows higher activity than Hsp70, especially combined with Hdj1 (Figure 3d ), but both proteins have the same WT p53 chaperoning time and temperature optima (not shown for Hsc70).
Effects of Hsp70 and Hsp90 chaperones on p53 variants changed by oncogenic mutations in vitro Efficient in vitro rescue of WT p53 activity by Hsp70/ Hdj and Hsp90 at physiological and heat-shock conditions suggested that p53 variants changed by oncogenic mutations may also be potential substrates for rescue reactions. We initially tested the chaperone activity on representatives of different p53 change types, affecting both DNA binding directly and the general structure of the p53 DBD. We chose four of the most frequent p53 changes occurring in human spontaneous tumors (Petitjean et al., 2007) : R273H and R248Q that have arginines changed, crucial for the specific interaction with promoter-derived DNA, whereas R249S and R175H possess structural alterations making them unable to specifically bind promoter DNA (Cho et al., 1994) . Careful biophysical studies recognized more subtle differences between these p53 variants (Bullock et al., 2000) . For mutant p53 restoration attempts (Figure 4a ), we included Hsp90b, Hsp70 and Hdj2, replacing Hdj1 for better quality of low-intensity band readouts (Hdj1 unspecific DNA binding interferes with a low-intensity EMSA result, Figure 4c ). In addition, 10 mM ZnSO 4 was included in selected reactions to test whether additional zinc ions that stabilize the structure of p53 DBD provide any increase in restoration of mutant p53 variants. All four purified mutant p53s had no DNA-binding activity at the temperature X20 1C (shown only for 37 1C in Figure 4a ). The R249S variant showed limited activity restoration at 37 1C that was chaperone dependent but zinc independent. Hsc70 turned out to be more efficient than Hsp70 in that reaction (Figure 4b) , similar to the effect on WT p53 (Figures 3c and d) . In a more systematic approach shown in Figure 4d , we used different combinations of the most efficient molecular chaperones to dissect their contribution to the p53 R249S activity restoration. It turned out that at 37 1C, Hsc70-Hdj2 chaperones were most effective in p53 R249S reactivation. Surprisingly, this system was even more effective at 40 1C but not at higher temperatures (not shown). In contrast, Hsp90b was ineffective except for the combination with Hsc70-Hdj2 and Hop (Figure 4d, lanes 11-14) , which resembles the increased activity of those chaperones on WT p53 during severe or prolonged heat shock (Figure 3b ).
Effect of Hsp70 and Hsp90 chaperones on p53 R249S in cells
Next, we addressed the question how the in vitro observations on mutant p53 translate into p53 properties in H1299 cells. Mutant p53 was therefore transfected to the same p53-null background as WT p53 in earlier experiments. For those tests, we chose the R249S variant, which was most chaperone responsive in the in vitro EMSA assays. However, it was not possible to detect significant DNA-binding activity changes using WAF1-specific ChIP on chaperone inhibition, because of the very weak promoter affinity of p53 R249S in cells (Figure 2 ), and neither was it possible to increase this activity using transient Hsp70 and Hsp90
Hsp90 and Hsp70 cooperate in p53 chaperoning D Walerych et al overproduction (results not shown). The assay that allowed us to clearly verify the role of Hsp70 and Hsp90 on p53 R249S in cells was the conformation-specific IP. Figure 5 shows that the p53 R249S variant has a detectable fraction of native conformation (Ab 1620 þ ) despite having an increased amount of mutant conformation (Ab 240 þ ), when compared with WT p53 (Figure 1a ). Already at 37 1C, Hsp70 inhibition by the (control lane 1, at 25 1C) in 7 ml reaction volume (0.5 mM p53) for indicated periods of time in the absence or presence of molecular chaperones Hsp90b, 10 mM; Hsp70 (Hsp70-1a), 5 mM; Hdj1 (DjB1), 2.5 mM (all concentrations estimated for monomers). ATP (7 mM) was present in all reactions. Reaction times at heat-shock conditions were reduced compared with 37 1C because of the higher p53 inactivation rate. After the incubation, p53 was activated by the antibody Ab421 and loaded onto an electrophoretic mobility shift assay (EMSA) gel. The main band marked by the arrow corresponds to the p53 tetramer bound to the specific WAF1 (p21) gene promoter-derived sequence, supershifted by the activating antibody Ab421. (b) Hsp90b and Hsp70-Hdj1 chaperones were used to perform WT p53 rescue reaction at increasing temperatures (25-42 1C), for the indicated time. Protein and ATP concentrations are similar to those in a. In lanes 11-13 and 20-25, reactions were carried out by mixed chaperones at reduced concentrations: Hsp90b, 6 mM and Hsp70-Hdj1, 3 and 1.5 mM, respectively. In lanes 14-25, 6 mM Hop (monomer) or bovine serum albumin (BSA) mass equivalent was added as marked (used as a control because of the passive nature of Hop as a co-chaperone). In lanes 22 and 23, the 30 min reaction was split into two stages: At the first stage at 40 1C, the reaction mix contained only WT p53 and the reaction buffer in 4 ml volume for 20 min. At the onset of the second stage, Hsp90b, Hsp70-Hdj1, ATP and Hop/BSA were added for another 10 min. K71S variant results in a decrease of the WT conformation level, whereas Hsp90 inhibition with 17-AAG totally removes this conformation, an effect that cannot be rescued by the overexpression of WT Hsp70 ( Figure 5 ). The level of the p53 R249S mutant conformation remains relatively stable, indicating that the loss of native conformation under these conditions does not necessarily lead to further accumulation of the denatured protein. For yet unresolved reasons, in the presence of Hsp70 K71S, the initial, total protein level but not stability (result not shown) goes down more significantly for the mutant p53 R249 ( Figure 5 ) than for WT p53 (Figure 1a) . However, the changes in 1620 þ conformation are more pronounced (Figures 1 and 5) . The results described above indicate that both the Hsp70 and Hsp90 chaperone machines participate in the refolding attempts of the conformationally distorted p53 R249S variant.
Discussion
Using the conformation-specific IP, we have shown that under heat-shock conditions (1 h at 42 1C), the inhibition of Hsp90, and less significantly of Hsp70, decreases the amount of properly folded p53. Importantly, during the recovery from heat shock, at 37 1C, inhibition of Hsp90 and/or Hsp70 significantly inhibits refolding of WT p53. These results, for the first time, show that both the Hsp90 and Hsp70 molecular chaperone machines are required for WT p53 folding, at least during recovery from heat shock. Interestingly, overproduced WT Hsp70 is more efficient in 'trapping' WT p53 in the nonnative conformation during heat shock than the Hsp70 K71S variant. We show that at heat-shock conditions, or during extensive overproduction of Hsp70, WT p53 forms aggregates together with Hsp70. Such aggregates may serve as a repository for p53 refolding Figure 4 Molecular chaperones are capable of a partial restoration of the specific DNA-binding activity to the p53 R249S oncogenic variant in vitro. (a) Human recombinant wild-type and four oncogenic variants of p53 (R175H, R248Q, R249S and R273A) were subjected to the activity restoration attempt by Hsp90b and Hsp70-Hdj2 at the physiological temperature (37 1C). The type and estimated extent of an effect on p53 by used oncogenic changes are shown above the variant name: 'À', not affected; ' þ þ þ ', strongly affected. Reactions were carried out in a 7 ml volume, in the presence of 7 mM ATP, with the following protein concentrations (monomers): 0.5 mM p53 variants, 10 mM Hsp90b, 5 mM Hsp70 and 2.5 mM Hdj2. 10 mM ZnSO 4 was used in marked lanes. p53 was subjected to electrophoretic mobility shift assay (EMSA) assay as in Figure 3 . (b) The specific DNA-binding activity of p53 R249S was partially restored at 37 1C by either Hsp70 or Hsc70, in the presence of Hsp90b and Hdj2. Volume, protein (Hsc70 used like Hsp70) and ATP concentrations as in a. (c) Hsp90b, Hsc70 and Hdj1 or Hdj2 were used to reactivate p53 R249S as indicated in lanes 1 and 2, in concentrations as in a. In lanes 3 and 4, no p53 was used and 2.5 mM Hdj1 or Hdj2 was added to the reaction. (d) A systematic attempt to explain molecular chaperone combinations restoring most DNA-binding activity to the p53 R249S variant. Physiological (37 1C) and heat-shock temperatures (40 1C) were used as indicated. All proteins were mixed in 7 ml at concentrations as in a, in the presence of 7 mM ATP. Hop was used at 10 mM and bovine serum albumin (BSA) as the mass equivalent of Hop (4.4 mg). To establish whether the influence of chaperone inhibition on WT p53 conformation is reflected in its activity, we applied the ChIP assay. The WT p53-WAF1 promoter interaction was decreased at 37 1C on Hsp70 and/or Hsp90 inhibition, indicating that the p53-DNA interactions are chaperone dependent already under physiological temperature, and do not directly correspond to a relatively stable amount of native conformation detected at this temperature by the conformationspecific IP. Further decrease in the WT p53-WAF1 interaction was observed on inhibition of both chaperones during the 42 1C heat shock. ChIP data analysis also shows that when heat shock is prolonged, the Hsp70 system has a larger impact on WT p53 DNAbinding activity maintenance than does Hsp90. We additionally support ChIP results with FRAP measurements of WT p53 mobility in the cell nucleus at 37 1C, which reflect general (not only single promoter) p53-specific interactions with chromatin (Supplementary Information). In FRAP experiments, Hsp70 or Hsp90 inhibition caused the increased WT p53 mobility (Supplementary Figure 1) , which matches the ChIP result.
To further confirm our in vivo data and to dissect the functions of Hsp90 and Hsp70 systems in the chaperoning of WT p53, we reconstituted WT p53-WAF1 promoter binding reactions in vitro using highly purified proteins. Under nonstress conditions (1 h at 37 1C), Hsp90 rescues the promoter-binding ability of WT p53 in the ATP-dependent reaction, as described earlier . Here, we show that during the prolonged incubation of WT p53 at 37 1C or at heat-shock conditions, the requirement for Hsp70 chaperone machine increases. Under severe heat shock, Hop protein, which physically links Hsp90 and Hsp70 chaperone machines, may significantly stimulate the chaperoning reaction. We propose the existence of two modes of Hsp90 activity toward p53: a 'direct' mode at 37 1C and during short exposure to heat shock, and a 'cooperative' mode during prolonged incubations at 40-42 1C, which additionally requires Hsp70, Hsp40 and Hop. The two modes of Hsp90 activity are consistent with the significant impact of its inhibition on the WT p53 DNA-binding activity under both physiological and heat-shock conditions in H1299 cells. Importantly, the direct mode is the only known example of Hsp90 actively and sufficiently supporting the activity of a client protein in vitro, without any other chaperone and co-chaperone assistance. In Figure 6 , we propose the model of Hsp proteins activity optima and their cooperation in p53 chaperoning, with functional repercussions observed by us and other groups in vitro and in vivo.
All the main human cytosolic isoforms of Hsp90, Hsp70 and Hsp40 chaperones are able to participate in WT p53 chaperoning in vitro. These reactions are ATP dependent (Supplementary Information); however, the thermal dependence of Hsp90 and Hsp70 ATPase correlates with the WT p53 chaperoning but only until reaching the threshold temperature, above which WT p53 rescue efficiency decreases (Supplementary Figure 3 ; Figure 3 ). We conclude that the thermal optima of Hsp90 and Hsp70/Hdj in WT p53 chaperoning are mainly derived from substrate-mediated activation rather than from thermal activation. Similar conclusions were drawn for another thermally unfolded chaperone model substrate-b-galactosidase (Freeman and Morimoto, 1996) . Our results also support the theory that a pool of nonnative p53, unable to bind promoter DNA, is structurally heterogeneous (Butler and Loh, 2006) . In relation to the severity and duration of stress, it may encompass many types of unfolded, misfolded and aggregated species that can be affected by molecular chaperones to a distinct degree. It is likely that only during heat-shock conditions (or prolonged incubation at 37 1C) enough hydrophobic residues of p53 are exposed to be recognized by the Hsp70-Hsp40 machine. At the physiological temperature, where the p53 structure is more native-like, such a client protein is recognized mainly by Hsp90.
It was therefore reasonable to speculate that some of the WT p53 chaperone substrate states under heatshock conditions might be similar to the states achieved by mutant p53 variants with an altered DBD structure at the physiological temperature, especially that Hsp90 was found to bind WT p53 in vivo after heat shock in a manner similar to that of p53 structural mutants (Wang and Chen, 2003) . We show in the in vitro assay a limited rescue of the specific DNA-binding activity of p53 R249S, mostly by the combined Hsp90 and Hsc70-Hsp40 systems. The increased effect of the latter at 40 1C is most likely caused by the additional unfolding of p53 R249S at a higher temperature (Butler and Loh, 2006) , rendering it a better substrate Figure 5 Hsp90 and Hsp70 inhibition affects the conformation of p53 R249S in H1299 cells. H1299 cells were transfected with vector encoding the p53 R249S variant and optionally with vectors encoding ECFP-EYFP fusion protein control ('À') or Hsp70 in the wild-type form and alternatively as the dominant-negative K71S variant. After the 24 h growth, cells were treated for 1 h with the Hsp90 inhibitor, 17-AAG, as indicated. Total protein extracts from cells were subjected to the western blot directly (inputs) or after a conformation-specific immunoprecipitation (IP) with 'native'-specific (Ab 1620) or 'mutant'-specific (Ab 240) anti-p53 antibodies (western blot using DO-1 antibodies).
Hsp90 and Hsp70 cooperate in p53 chaperoning D Walerych et al for Hsc70-Hsp40 chaperones. Hsp90 acted in this reaction only in the cooperative mode, in the presence of Hop. This result is in agreement with our earlier finding that Hsp90 binds to another structural p53 mutant, R175H, only in the indirect way, through Hsc70-Hdj1 and Hop . Data collected in vitro allowed to predict the influence of chaperones on the mutant p53 in vivo, where already at 37 1C the effects of Hsp70 and Hsp90 inhibition on the p53 R249S conformation were comparable to the effects on WT p53 at 42 1C. Muller et al. (2008) have also shown that the inhibition of Hsp90 in vivo decreases the pool of native conformation of R249S and other p53 mutants. Altogether, the data suggest that the multichaperone complex of Hsc/p70-Hdj-Hsp90 forms on mutant p53 in an attempt to restore its active conformation in a manner similar to the heat-inactivated WT p53. However, its efficiency is limited because of the inherent instability caused by critical residue changes in p53, such as R249S (Friedler et al., 2004) . We postulate that the stabilization of tumorigenic mutant p53 by molecular chaperones in vivo is a side effect of such attempts to restore p53 activity, which results in the stable binding of stalled chaperones to a mutant p53. This suggests that the manipulation of chaperone efficiency and/or specificity may still prove a promising strategy in attempts to reactivate oncogenic variants of p53. In the parallel investigation, we show that Hsp90b variant with an affected ATPase activity indeed has an increased chaperoning activity toward p53 (M Gutkowska and A Zylicz, in preparation). Also, the understanding of the dual role of molecular chaperones in their pro-and antitumor activities gives the therapeutic opportunity to selectively inhibit the former. Hsp90 is more sensitive to its inhibitor, 17-AAG, in tumor than in nontransformed cells (Kamal et al., 2003) .
In summary, our results underline the importance of the molecular chaperone network of Hsp70 and Hsp90 in the maintenance of the WT p53 function at both physiological and heat-shock temperatures. Our results also give a new impact to the role of molecular chaperone in the folding of mutant p53 protein to the conformation, similar to that reached by WT p53. Susan Lindquist and co-workers have put forward the hypothesis that Hsp90 buffers the phenotypic effects resulting from genetic variation accumulating in genomes (Rutherford and Lindquist, 1998; Sangster et al., 2004) . In the case of p53, Hsp90 cooperates with Hsp70 not only in an attempt to counteract the effects of TP53 gene missense mutations, but also to suppress the intrinsically unstable phenotype of the p53 WT variant.
Materials and methods

Conformation-specific immunoprecipitation
For conformation-specific IP, the p53 null, human non-small-cell lung carcinoma H1299 cells (ATCC, Manassas, VA, USA) were seeded in 60 mm tissue culture dishes and transfected the following day using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) with plasmids encoding for the indicated protein cds under the CMV promoter control (Clontech, Mountain View, CA, USA, pEYFP-N1 vector backbone). At the indicated time points, cells were lysed in buffer A (0.1% NaDoc, 0.25% TX-100, 5% glycerol, phosphate-buffered saline (pH 7.4), protease inhibitors) and centrifuged. Supernatants were incubated overnight with 1 mg of pAb1620 or pAb240 antibody (Moravian Biotechnology, Brno, Czech Republic) and for a subsequent 1 h with Protein ASepharose or Protein G Agarose beads, respectively. Beads were washed three times with buffer A, suspended in 1 Â Laemmli buffer and analysed by SDS-polyacrylamide gel electrophoresis/ western blot. Figure 6 The model of p53 chaperoning by the Hsp90-Hsp70 network. p53 conformation states are shown as symbols representing native (circles) and nonnative (squares) tetramers. Oncogenic mutations or incubation at physiological and heat-shock temperatures led to a decrease in the p53 native conformation and specific DNA binding. Hsp90 and Hsp70-Hsp40 have limited optima in counteracting these effects (shown as arrows with chaperone names). Hop facilitates the cooperation of both chaperone systems. Time and temperature markers are approximate chaperone in vitro activity thresholds described in this work.
Chromatin immunoprecipitation
Chromatin immunoprecipitation assay for p53 was performed as described . Two separate real-time PCR results obtained from IPs were each divided by two results of the WAF1 DNA amplification from inputs. Mean results with standard deviations are presented as bars in Figure 2 .
Protein purification
Procedures are described in the Supplementary Information.
In vitro p53 DNA-binding assay The p53 EMSA was performed as described in the earlier study , with the modified reaction buffer composition (1 Â concentration): 25 mM HEPES (pH 7.5), 5% glycerol, 100 mM KCl, 10 mM MgCl 2 and 3 mM DTT.
